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Abstract 
Experimentally produced shock-melted metallic spherules were 
studied with respect to composition, microstrueture and interaction 
with a silicate glass matrix. Quantitative analyses for elements 
Fe, Ni, Co, P, and S in the shocked spherules were compared to 
compositions in the unshocked alloy to determine the effect of 
melting and resolidification of metal in a reduced atmosphere.  The 
compositions of the melted spherules are the same as in the un- 
shocked alloy.  Fractionation effects seen in similar experiments 
performed by Gibbons, et al.  were not observed in these experi- 
+2 "~~* 
ments.  Reduction of Fe  from silicate material during meteoritic 
impact is thought to be a possible mechanism for forming metallic 
Fe in the lunar soil; no evidence of reduction was found in any of 
the shock experiments. 
Microstruetures in the shocked spherules give no indication of 
the original structure of the unshocked alloy.  Rough cooling rate 
estimations can be determined by measuring secondary arm spacings 
in dendritic structures seen in some of the melted spherules.  These 
give cooling rates of approximately 10 -10 C/sec.  Other spherules 
exhibit cellular structures, globular structures, or no visible 
structure.  In several wof the shock samples, some metal particles 
show evidence of reheating and deformation rather than melting. 
These particles have retained some of their original (pre-shock) 
structure. 
The silicate material surrounding the metallic spherules con- 
tained no evidence of concentration gradients or enrichments of any 
elements.  Although inclusions of silicate material were sometimes 
found in the metal particles, the two phases remained separate. 
Even though they melted and resolidified in contact with each other, 
there was no indication of any interaction between the two melts. 
A lunar glass from the Apollo 16 soil sample (60095) was 
studied. Metallic particles contained in the glass had globular 
microstruetures, and had compositions indicative of meteoritic 
origin. 
INTRODUCTION 
Impacting meteorites are responsible for much of the morphology 
of the lunar surface.  The most prominent features on the moon are 
huge craters produced directly by meteorite bombardment.  In addi- 
tion, the eruption of basaltic material from the lunar interior 
flooded into previously formed craters, resulting in the familiar 
light highland and dark mare regions of the moon.  Finally, the 
layer of regolith found over most of the lunar surface was formed 
almost entirely by the action of meteorites of various sizes dis- 
integrating crystalline rocks, melting regolith to form glass, and 
recombining existing particles by shock pressure into breccias.  The 
three types of particles formed (crystalline, glass and breccia) 
comprise the bulk of the constituents of the lunar soil.  Another 
type of particle found in the soil is very dissimilar from this 
group; pieces of metal, predominantly iron-nickel, make up a small 
1 but consistent proportion of the regolith.  The metals are not 
restricted to isolated pieces ; they are also found on the surface of 
other soil particles, intergranularly in breccias, and occasionally 
2-4 
spread throughout the interior of glassy particles.    These metals 
range from small particles several angstroms in size in glass to 
individual fragments a millimeter in size. 
The origin of these metallic particles is questionable; some of 
them are probably pieces of the original meteorite which broke up as 
it hit the surface.  These can be identified by composition and 
microstructure.   Other particles lack typical meteoritic micro- 
structures or composition, and some of these may have been formed by 
+2 
other processes.. It has been suggested that Fe  present in lunar 
crystalline rocks has been reduced to Fe , and several types of 
fi-ft 
reduction processes have been proposed.    Another possibility is 
that iron in reduced form separated from silicate magmas when the 
4 9-11 lunar crustal rocks first formed. '     A complicating factor is 
that these methods of formation can all be interrelated, and any one 
metal particle may be the result of a combination of these processes, 
making its origin almost indeterminable.  If it were possible to 
determine how metal and silicate in the soil interact with metal 
from the impacting meteorite, further progress might be made in un- 
ravelling the histories of metal in the soil. 
The objective of this research is' to gain a better understand- 
ing of the relationships and interaction between metal and silicate 
under conditions which attempt to simulate the impact of meteorites 
on the lunar surface.  In order to do this, powdered silicate and 
metallic materials have been strongly shocked in an inert or 
reducing atmosphere, and the resulting material has been examined 
using various approaches :....' 
1) An SEM study of the shocked silicate to determine 
distribution and extent of melted metallic spherules 
on the silicate surface. 
2) An electron microprobe study of the compositions of 
metals and silicate. 
3) A study of micrbstructures in metals before and 
after shock melting. 
4) A comparison of experimentally produced shock 
materials with a lunar glass containing meteoritic 
metal spherules. 
S 
BACKGROUND 
Glassy Particles in Lunar Soil 
The earliest investigations concerning the origin of the rego- 
lith indicate that it was formed by disintegration, deformation, 
12 
and local heating.   Although an igneous origin for these processes 
was possible, most early investigators recognized the fact that 
meteoritic impact was a more likely explanation for regolith forma- 
tion.  The presence of shock induced effects in soil constituents 
was immediately recognized by geologists investigating the mineral- 
2-4   13  14 
ogy of  the Apollo 11 samples.        '     ' Some  of  the shock effects 
they  found  included shock  lamellae,  deformation  twinning and   frac- 
turing of minerals,   the presence of plagioclase glass (maskelynite), 
partial melting of rock fragments,   the  formation of breccias   (shock 
lithified soil particles) and  individual glass  particles.     Recogni- 
tion of  these  shock features   on the moon was  the result  of previous 
work done  on crystalline materials   intimately associated with shock 
.u   15"17 events   on earth. 
Glass comprises a  large amount  of the   lunar soil.     The soil 
constituents which contain glass  can be divided  into three groups: 
1) glassy spherules   or pieces  of spherules 
2) glass-rich breccias _ 
3) glass-bonded agglutinates 
Free standing glass  in  the soil is highly diversified.     Its most 
usual  form embodies  some sort  of rotational symmetry,  resulting in 
spherical dumbbell  or   teardrop shapes,   or  fragments   of  these,  but 
Y 
some glass particles lack any recognizable form.  They can be almost 
any color from clear to black, but they most often tend to be vari- 
ous shades of yellow, green, orange andtb.rown.  Compositions of the 
glass vary with the color; dark colors generally correspond to 
higher proportions of mafic elements.  The glass can be very homo- 
geneous with respect to composition or the glass can be heterogene- 
ous.  Many contain vesicles and schlieren.  Some are partially or 
completely devitrified; devitrification is often the cause of compo- 
sitional heterogeniety. 
These glass particles are generally assumed to have been formed 
by shock melting of soil and/or bedrock which occurred during 
meteoritic impact. When a meteorite hits the lunar surface, the 
resulting shock wave produces local melting close to the impact. 
Molten material which splashed outward often assumes a spherical 
shape due to surface energy considerations.  These spherules are 
usually solid before they hit the surface, although some particles 
have a flattened appearance as though they were not completely rigid 
when they fell. 
Glass rich breccias are made up of small rock, mineral and 
glass fragments in a matrix of minute pieces of minerals and glass. 
There may or may not be intergranular glass which bonds the pieces 
together.  The glass fragments vary in terms of shape, texture and 
.composition, and the rock and mineral pieces may be of several vari- 
ous types and ages.  The breccias are thought to be formed when 
9 — 6 
small meteorites hit unconsolidated soil.    Only a small amount of 
glass is actually produced by the impact; most of it was already 
present in the soil.  For this reason, glass in a single piece of 
breccia can range from clear and homogeneous to dark, vesiculated 
and partially devitrified. 
The majority of glass in the soil is in the form of glassy ag- 
glomerates and glass bonded agglutinates.  These are comprised of 
soil particles which are held together intergranularly by a small 
amount of glass.  The glass is usually vesiculated,"'often contains 
schlieren and/or regions of devitrification.  These are probably 
o 
13 formed when melt from a local impact splashed into the soil. 
Not all of the glass found on the lunar surface is assumed to 
have been formed by meteoritic impact.  The unusual compositional 
homogeneity of some of the Apollo 15 and 17 green and orange glasses 
have led some investigators to speculate that these have been the 
result of magmatic fire fountaining and rapid solidification of 
18-21 
-molten basalt.      However, with the possible exception of these 
glass types, most glass in the soil is assumed to be associated with 
cratering events. While a wide variety of glasses are found in any 
particular soil sample, the glass compositions most often correspond 
to the soil type in which it is found.  For example, the glass found 
at the Apollo 11, 12 and 15 landing sites, which were in the 
basaltic mare areas, contained higher proportions of mafic elements, 
while samples collected in the highland areas were more'felsic. 
Metal Particles 
One of the discoveries which helped to convince lunar investi- 
gators that these glasses had been formed by meteoritic impacts was 
the existence of metallic particles found both in the soil and in 
the glass bodies.  The composition and microstructures of many of 
these metallic particles indicate that they may be remnants of 
meteorites.   The particles generally consist of alloys of Fe, Ni, 
and Co in one of several forms.  Kamacite (a type) is usually a low 
Ni alloy, and taenite (y type) contains higher amounts of Ni.  For 
alloy compositions of up to 29 wt% Ni, taenite will transform to a 
martensitic a0  structure; for a 10 wt% Ni alloy, the M  temperature z. s 
is approximately 500 C.   The particles are found in the whole range 
of lunar materials, as loose constituents in the soil, in glassy ag- 
glutinates, breccias and rounded glass particles as well as in 
indigenous lunar igneous and metamorphic rocks. 
Other phases often occur with the FeNiCo alloys in the metallic 
particles.  The sulfide troilite ((FeNi)S) was found in approximately 
23 57o of the metallic particles   from Apollo  14 and  16  soil samples, 
and  often occurs dendritically with y-Fe when  the bulk composition 
2 
of the metal particles exceeds  2 wt% S.       Schreibersite,   ((FeNi)~P) 
is not uncommonly  found associated with *metal  in the  lunar  soil and 
24  25 
rocks.     ' The carbide cohenite   ((FeNi)„C) was   found  in several 
samples of Apollo fines  as well as melt rocks  in Apollo 16 and   17 
.       28-30 
samples. 
Origin  of Metal  in  Lunar  Soil 
The compositions  and microstructures   of various   phases   in  the 
metallic particles are  used  to determine  the  probable origins   of  the 
9 
31 
metal-  According to Smith and Steel,   the metal originated from 
four primary sources : 
1) indigenous metal which formed along with lunar crustal • 
rocks 
2) remains of meteorites which hit the lunar surface 
3) combination of 1 and 2, whereby meteoritic material 
mixes with indigenous lunar metal by shock melting 
+2 4) reduction of Fe  found in lunar minerals and magmas. 
+2 
Reduction of Fe  in silicates may be responsible for some of 
the metallic particles found in lunar soil.  Scanning transmission 
electron microscopy (STEM) X-ray analysis done on submicroscopic 
32 
glass particles by Mehta and Goldstein  revealed the presence of 
cubes smaller than 500A which consist of pure Fe .  They believe 
that these may have been formed by a reduction process during the 
shock melting of the soil particles which formed the glass.  Pearce, 
33 
et al.   contend that excess metal resides in lunar soils, and if so, 
other sources of metallic iron must exist other than meteoritic iron. 
However, though reduction is possible in the low oxygen fugacity 
conditions on the moon, very little other direct evidence exists for 
reduction processes creating micron-sized particles. 
The majority of metallic .particles found in the lunar soil have 
micros truetures which fall into the classification given by Gold- 
23 
stein, et al.   The number of particles which fall into each classi- 
fication differ with the soil sample, which is basically a reflection 
t 5 23 24 27 29 
of the soil constituent and silicate association. »  »  » •»   The 
classification included structureless metal (generally kamacite), 
10 
single and polycrystalline a,  ragged a~» blocky a , various two phase 
a  + y structures, and two phase metal plus compound structures. 
Other kinds of special cases included dendritic metal sulfides, 
phosphides in a  and y,  and metal with phosphide eutectic. Emphasis 
is placed on the differences in microstrueture because in some cases 
a particular microstructure indicates the occurrence of a specified 
set of processes necessary to form that microstructure, and determin- 
ing the processes can help to define the origin of the particle. 
Bulk composition of individual metal particles for the elements 
Co and Ni is the most widely used criterion for determining meteor- 
itic metal.  This definition was first proposed by Goldstein and Yak- 
25 
owitz,  when.they noted that a certain percentage of Apollo 12 lunar 
metals closely coincided with a least squares fit of Ni-Co composi- 
34 tions for iron meteorites given by Moore, et al.   (note Fig. la.) 
Metals analyzed from Apollo 11 and 12 mare basalts also contained 
35 
high Co and high Fe components  so that the final classification 
included the five areas seen in Figure lb. 
Certain metal particles found in the soil have unmistakably 
been altered in some way by shock events; metallic mounds, for in- 
2 3 4 13 14 
stance, found on the surface of glassy spherules ' ' '  '  were 
obviously liquid at the time the glass formed. Without some indi- 
cation of the compositions the metal could have had prior to the 
event which melted it, it would be very difficult to determine its 
origin.  Beginning with comppsitions of metal particles found in un- 
altered igneous rocks, and knowing the range of Ni/Co compositions 
found in most meteorites, the compositions of other metal particles 
11 e . 
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Figure lb. 27 Goldstein et al.   classification of lunar metal 
particles based on Ni and Co content.  From Smith 
and Steele31. 
12 - 
with more ambiguous surroundings (i.e., those found loose in the 
soil, or those in glasses, breccias or agglutinates) should give a. 
clue to their origins. As mentioned previously, metal particles in 
Apollo 11 and 12 mare basalts show a tendency to fall into a high 
3fi—3fi 
Co-high Fe range.      Apollo 15 mare basalt metals fall mostly 
into the high Co range, although a few analyses give lower Co 
39 
compositions.   Apollo 17 mare basalts are usually low Ni and range 
in composition between the high Co and high Fe areas.  '   Consid- 
ering the relative lack of meteoritic impacts found in the younger 
mare basaltic areas as opposed to the lunar highlands, the metal 
particles in the high Co and high Fe classifications of the Apollo 
31 11 and 12 mare basalts are assumed to be indigenous metal,  which 
formed an immiscible liquid in the basaltic magma during its 
solidification. 
On the other hand, the origin of metal in lunar highland rocks 
is not as obvious. Ancient meteoritic impact events may have added 
41 
a meteoritic component to the highland anorthositic rocks.   Hewins 
and Goldstein, investigating interstitial metal grains in these 
rocks, found that in coarse grained anorthosites, which are presumed 
to be primary crustal rocks, the metal usually fell into the high 
Co-high Fe category.  Rocks derived from these crustal rocks (melt 
rock and breccias), which contain meteoritic metal often show evi- 
dence of their formation by impact.    Simple mixing of the two 
metal types (indigenous and meteoritic) might be expected, however, 
this does not seem to be the case.. Melt rocks from different 
13 
42-44 locations have a large range of compositions.      Hewins and Gold- 
41 
stein  used a model of simultaneous fractional crystallization of 
metal and silicate to explain this particular trend. 
The determination of the origin of metal particles in the soil 
is therefore complex; any piece of metal found in a glass, glassy 
matrix breccia or agglutinate is likely to have been altered by the 
process which formed the glass.  And although the use of Ni/Co con- 
tents as an indicator of meteoritic origin is widely used, it is not 
without ambiguities.  If intense bombardment of the lunar surface by 
meteorites occurred 3.9 billion years ago, as is usually assumed, 
incorporation of meteoritic metal into highland rocks must have 
occurred. A subsequent impact may be responsible for melting or 
brecciating these rocks, but need not be the source for meteoritic 
composition particles found in the impacted rocks.  The additional 
possibilities of remelting and reworking of metal already present on 
the surface, whether it crystallized from an original crust-forming 
magma or was added to highland material as an ancient meteoritic 
component make interpretation difficult. 
Few particles have retained their meteoritic structure.  Gold- 
stein, et al. reported that ~ 5%  of the metal particles which fell 
in the meteoritic range exhibited indications of meteoritic micro- 
structures.  In most particles, the loss of meteoritic microstruc- 
t.' 
ture might be expected.  The few small meteoritic pieces associated 
with the Canyon Diablo crater which have retained a structure simi- 
lar to the large Canyon Diablo irons are thought to have been spalled 
off the meteorite as it hit the earth's atmosphere.  '   The lack 
14 
of a comparable, atmosphere on the moon tends to prevent this kind of 
spallation.  However, the micrestructures which are present in the 
metal spheroids can give an indication of the thermal history of the 
particle, particularly with respect to temperature of reheating, and 
cooling rates. 
Micros truetural methods of estimating reheating temperatures and 
47 
cooling rates for reheated chondrites have been made by Wood,  Bege- 
48 49 
man and Wlotzka  and Taylor and Heytnan.   These include such 
features as the presence of martensite (cOi melted troilite micro- 
structures, steep Ni gradients in a~  rims, secondary kamacite in 
taenite, homogeneity of metal grains, the growth of phosphides, and 
phosphorus enrichment of the metal.  Equilibration temperatures can 
be obtained for two phase kamacite-taenite and metal-phosphide 
assemblages using phase diagrams from the FeNi  and FeNiP  system. 
Cooling rate estimation can also be made when the metal particles 
52 
exhibit a dendritic or cellular structure.  Flemings, et al. 
53 
measured dendrite secondary arm spacings and Katamis and Flemings 
used cell spacings to find cooling rates for Fe-Ni alloys. 
Many of these microstruetures have been found in lunar sampIds, 
and from them, parts of the history of the particles have been 
determined.  The presence of the microstructures and the information 
they yield have been applied to experiments which attempt to simu- 
late the production of the metallic spherules.  Comparison between 
experimentally produced spherules and lunar particles provide a 
reasonable method for evaluating the effectiveness of the attempt at 
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spherule reproduction. Blau and Goldstein produced spherules which 
solidified under conditions which resembled the lunar surface. They 
found that their experimental spherules had microstructures very 
similar to lunar spherules, and from these were able to deduce 
cooling rate information.  Carter and McKay  experimentally pro- 
* 
duced metallic mounds on glasses by quenching them under reducing 
conditions, and from macrostructural data decided that reduction 
processes were not directly responsible for the metallic mounds on 
lunar glasses. 
Shock experiments using small amounts of porous aggregates of 
silicate material placed inside a metallic case and shock loaded to 
pressures of up to 800 kb have been done by Hb"rz and co-workers in 
order to determine the effect of shock on various natural materia *fc» 
From this work, they have been able to classify regimes of shock 
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which exhibit particular characteristics in certain silicates. 
The classification is based ori optical features such as grain frac- 
turing, undulatory extinction, production of maskelynite and inter- 
granular glass, and complete melting of grains.  These features com- 
pare closely to features found in rocks, minerals and soil particles 
found on the moon, implying that the shock produced by the impact of 
meteorites on the lunar surface can be approximated in the laboratory. 
During their work, they discovered that when glass was produced 
from their silicate material, there were often micron-sized metallic 
spherules-distributed throughout the intergranular glass phase. 
These metallic spherules had compositions similar to' the stainless 
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steel metallic case, however they discovered that fractionation of 
elements occurred in the spherules relative to the unshocked metal. 
Cr was very strongly fractionated as the size of the spherules de- 
creased.  The Cr content in the unshocked stainless steel was 21wt%; 
in the shocked spherules, the Cr content ranged from 21 wt% in the 
largest spherules to 9 wt% in the smallest ones.  This effect was 
found when they used both synthetic Fe free diopside and Bamle bron- 
zite (Enfifi) as target material.  However, in trying to determine the 
fractionation trend of Fe and Ni, they obtained opposite results for 
spherules found in the two types of silicate powder.  In the shots 
which used the Bamle bronzite, the Ni/Fe ratio decreased by .02 
(from a ratio of .13 in the unshocked steel) with decreasing spher- 
ule size, while in the synthetic diopside, the same ratio increased 
by .02. Although they do not have an explanation for the differing 
Ni/Fe ratios, they believe that the Cr trend is due to selective 
oxidation of Cr in the liquid state during the shock event.  To 
test the idea of fractionation of elements due to oxidation, they 
also studied metallic spherules associated with terrestrial impact 
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craters.   Of the elements found in these spherules, Fe is the most 
easily oxidized.  They found that iron was fractionated out of in- 
creasingly smaller spherules.  Considering the oxygen fugacity on 
the lunar surface, fractionation due to oxidation is a process which 
is not likely to occur. 
In the set of experiments presented in this paper, an alloy 
with a meteoritic composition was made and pieces of the alloy were 
impacted into powdered silicate material.  In this way, it would be 
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possible to determine how a meteoritic composition alloy would react 
to shock pressures similar to those reached when a meteorite impacts 
a planetary surface.  Further experiments were done with copper 
metal cases, with powdered metal mixed in with the silicate, in an 
attempt to determine how a meteorite which had hit the lunar surface 
might react with metal already present in the soil or in crystalline 
rocks.  Copper was used so that contamination by the "meteorite" 
would be readily recognized. . 
© 
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EXPERIMENTAL PROCEDURE 
Operating Materials and Parameters 
The original series of shocked specimens were made 
several years ago.  They were made at three different pressures, 
ranging from ~ 400 kb to 530 kb using either Bamle bronzite (En_fi) 
or a synthetic (Fe-free) diopside both provided by NASA.  These two 
+2 target materials were chosen to see whether iron (Fe  ) in the sili- 
cate matrix would be affected by the presence of reduced iron spher- 
ules during the shock event, or whether the resultant P0~ from 
shocked material could cause the reduction of silicate iron.  The 
variable pressures were employed to find which pressure regime 
would result in a target material which resembled lunar type soil 
constituents. 
The case material for the first series of shots was a meteor- 
itic type alloy with a nominal composition Fe-7 Ni-0.5 Co-0.5. P- 
0.5 S.  This alloy was made in order to simulate, as closely as 
possible, a meteoritic impact on the lunar surface. With a meteor- 
itic composition alloy, it would be possible to monitor the distri- 
bution of various elements such as Ni, P, Co and S after the shock 
events.  The base metal alloy was vacuum cast by International 
Nickel Company.  Slices of the ingot were machined into cases accord- 
ing to specifications given in Figure 2. The cases were then vacuum 
encapsulated in quartz tubing after being wrapped in Ta foil,' homog- 
enized 2.5 days at 1200 C and furnace cooled to room temperature 
over two days. . ' 
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CYLINDRICAL TARGET ASSEMRLIFS FOR THE 20-mn FLAT PLATE ACCELERATOR 
Figure 2. NASA technical drawing of metal case configuration for 
shock experiments. Powdered silicate target rests in 
cavity marked D. 
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The second series of runs was made in order to change as many 
variables as possible while still retaining similarities to some of 
the original parameters for comparative purposes.  The pressures at 
which the shots were made approximated those of the first series, 
though the highest pressure was eliminated.  In this series, metal 
pieces were added to the silicate powder in an attempt to determine 
what would happen to metal which was already in the lunar soil when 
it was hit with a meteorite.  The metal types used for this purpose 
were the meteoritic alloy previously used to construct the cases of 
the first series of shots, and a synthetic metal alloy containing 
troilite, (FeNi)S.  The case metal was changed to pure copper; with 
these configurations, it would be possible to determine whether or 
not the impacting metal will contaminate metal already located in 
the silicate.  The synthetic troilite-containing alloy (composition 
71.9 wt% Fe, 15.3 wt% Ni and 12.8 wt% S)was synthesized using pure 
elements as starting materials .  They were heated in an RF furnace 
under an H~/Ar atmosphere. 
One of the silicates used was Fe-free synthetic diopside, the 
other was a synthetic glass with a composition of an Apollo 15 lunar 
basalt 15286.  The glass was prepared by mixing reagent grade chemi- 
cals in proportions corresponding to the 15286 intruded glass analy- 
sis of Handwerker et al.   The silicate mixture was fired at 1250 C 
-11.2 in an fO- of 10   *  atm. in an iron crucible and cooled rapidly in 
air. A glass was chosen as a target for several reasons; first, 
since it is a basaltic glass, it contains iron, and therefore sub- 
stitutes for the Batnle bronzite used previously. Also, since glass 
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is a major constituent of lunar soil, a comparison was to be made 
between crystalline and glassy materials which were heavily shocked. 
The addition of the glass as a target prevented the use of the 
highest pressure regime from the first series of shocks; glass has 
a lower impedence than crystalline materials and at very high pres- 
sures, it was feared that the glass would essentially disintegrate. 
Therefore, the second shock series consisted of nine shots, which 
differed by type of target silicate, type of metal added, and pres- 
sure.  One shot was done with glass with no metal added, again to 
check for possible reduction processes. A complete list of runs, 
with target material, case material, and pressure is given in 
Table 1. 
Shock Experiments 
Shock experiments on various silicate materials were carried 
out at the Johnson Space Center in Houston using a 20-mm powder gun 
facility.   With this instrument, it is possible to simulate 
naturally occurring impact phenomenon in the laboratory.  The tech- 
nique involves hitting the target case containing silicate material 
with a high velocity projectile, producing shock pressures in the 
test material of 250-550 kb.  The peak pressures obtained depend on 
the densities of the projectile and target, as well as the velocity 
of the impacting projectile. 
The target case consists of a threaded cylindrical sleeve into 
which a male and female piece are fitted (see Fig. 2).  The silicate 
sample, is packed into a shallow depression in the female piece.  The 
22 
TABLE 1 
Summary of shock sample parameters 
Shot #   Pressure (kb)       Target Case 
320 395 bronzite 
* 
SMA 
321 395 diopside it 
410 479 bronzite n 
411 479 diopside ii 
289 530 diopside it 
716 399 
717 393 
721 474 
722 464 
718 397 
719 386 
723 494 
724 477 
720 397 
glass + (FeNi)S     Cu 
glass + SMA 
glass + (FeNi)S 
glass + SMA 
diop. + (FeNi)S 
diop. + SMA 
diop. + (FeNi)S 
diop. + SMA 
glass 
* 
SMA - synthetic meteoritic alloy composition 
Fe-7 Ni-0.5 Co-0.5 P-0.5 S 
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dimensions of the depression diameter and depth are carefully meas- 
ured to .0001 inch so that its exact volume can be calculated and 
the weight of the pieces before and after loading with silicate are 
recorded. Approximately 20 milligrams of silicate are used for 
each experiment. 
Once loaded, the target is placed in an impact chamber, which 
is filled with a C0/C0_ atmosphere (10  torr) to simulate condi- 
tions on the lunar surface.  The target must be carefully aligned 
in order to ensure that a planar shock wave front passes through 
the target material.  The alignment of the target is achieved by 
adhering a small mirror on the surface of the target, and then 
directing a laser beam parallel to the entire length of the pro- 
jectile path.  The target is adjusted by means of holding screws. 
When the beam is precisely reflected back on itself, the target 
is aligned perpendicular to the projectile within a half of a 
degree.  The alignment of the impacting projectile is monitored by 
X-ray flash units located at 60 to each other in the impact cham- 
ber. A reference wire grid system parallel to the target is super- 
imposed over the X-ray picture, so that any tilt of the projectile 
with reference to the target can be measured.  The system can 
tolerate misalignments of up to 4 before the shot is determined to 
be unacceptable. 
Physical Conservation Equations 
Peak pressures are obtained by relating various conservation 
equations involving parameters of pressure, velocity, density 
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and  internal energy  of  the material in  front  of and behind   the 
shock front.     The shock  front,   travelling with a velocity U 
s 
travels through the undisturbed material which is defined by pres- 
sure P , density p  (p  = l/V ) and mass velocity of zero.  Behind 
o       J   yo     o     o 
the shock front, the pressure, density and mass velocity are given 
by P1, p and U .  The equation 
p U - 2.(U - U ) (1) Ko s   ■1  s  p 
represents the conservation of mass flux condition. 
The net force on a unit area in front of and behind the shock 
wave is P.. - P .  The time rate of change of momentum for the mate- 
rial is the mass flux p U , through the shock multiplied by the 
associated velocity change U .  Thus, the conservation of momentum 
is given by 
P, - P = p U U (2) 1  o  'o s p 
Conservation of energy requires that the power input to unit area 
behind the shock" wave equal to time rate of change of energy for 
the enclosed material in front of the shock wave', so that 
u2 
P
l Up = "o Us <"T> + "o Us <E1 " Eo»        <3> 
where E and E, are the internal energies ahead of and behind the 
shock wave.  Combining equations (1) and (2) gives 
Ei-Eo = i<pi+V <vo-V <4>  . 
Equations li 2 and 4 were first derived by Rankine and Hugoniot. 
Since the internal energy of a material is a function of its^pres- 
sure and volume, Equation (4) can be considered to be the locus of 
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all P., V1 states created by propagating a shock wave into an 
initial state P , V .  This locus is defined as the Hugoniot curve 
o  o ° 
defined at P , V . 
o  o 
For analysis of shock wave propagation in a material, a Hugon- 
iot can be drawn in the P - U plane as in Figure 3a which illustrates 
the collision of a flyer plate with a stationary target specimen. 
Before hitting the target, the flyer is travelling at velocity U . 
Since immediately after the collision the normal components of P 
and U must be the same in both materials and must lie on the same 
Hugoniot of each material, the only possible state is located at 
the point (P. U. )•  If the flyer and target are the same material, 
their Hugoniot curves must be symmetric, and the shock particle 
velocity U will be half of the flyer plate velocity.  Thus, the 
velocity of the flyer, which is relatively easy to measure, can be 
used to determine particle velocity. 
When the target and flyer are different materials, and if their 
equations of state are known, it is still possible to determine 
peak pressures in the target using impedence match techniques 
In this case, the Hugoniot curves for both materials are drawn. 
Once again, the normal components of U and p must be continuous 
across the interface.  The new shocked state has to be located on 
the Hugoniot of the target material and the reflected wave curve of 
the target material; these conditions define a single point repre- 
senting peak pressures and velocity of the target.  If it is again 
assumed that the reflected wave of the driver is symmetric to its 
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Hugoniot, the only necessary measurement for determining the final 
state of the target is V , the projectile velocity. 
Operation of the Gun 
When the peak pressure desired for a particular target is 
chosen, the correct projectile and powder charge for the 20-nm case 
can be estimated from an empirical diagram such as Figure 3b.  The 
projectile is hand loaded into the barrel and the loaded cartridges 
are set in place behind it, either directly by means of a Mann 
action, or by a modified 300 Weatherby rifle action with an adaptor. 
-4 
The gun barrel is evaculated to approximately 2 x .10  torr, and the 
charge is ignited by means of a high voltage pulse.  This voltage 
pulse also initiates three 10-megacycle time-interval meters which 
are used to accurately measure the velocity of the projectile.  The 
meters are controlled by means of a continuous He/Ne laser which is 
focused on a silicon plane pin photodiode.  When the laser beam is 
interrupted by the passage of the projectile, a change in voltage 
output occurs in the diode which is amplified and this stops the 
counter. When the projectile is fired, it immediately stops the 
first counter which is located in the blast chamber.  It then 
enters the ve'locity chamber, where it stops the second counter. 
The change in output from this second laser beam interruption also 
initiates time delay generators for discharging the counters of two 
X-ray flash tubes.  These tubes are meant to check both the orien- 
tation and velocity of the projectile.  The delay times of the X-ray 
tubes are pre-chosen from the estimated velocity of the projectile 
27 
pl 1 
SPECIMEN   j 
/DRIVER PLATE 
/      HUCONIOT 
INTERFACE I\ \    / 
SPECIMEN 
SLOPE    / d0 y 
y
 
■ REFLECTED WAVE 
\         (DRIVER) \ \ \ \ 
^     ■ 
UP« Jpp 1.   —up 
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so  that   the projectile will be   located in the center  of  the  field 
of view of each  tube.    When each X-ray  flash  tube is  discharged, 
the resulting pulses   stop  the  counters  associated with  the  respec- 
tive  tubes.     The X-ray shadow graphs  produced   from  the projectile 
are  superimposed  on  the  grid  of  the reference wires   to monitor   the 
tilt of the projectile. 
When the projectile enters   the  impact chamber,   it stops  a  third 
laser  counter and again  initiates  an X-ray counter.     A third X-ray 
unit shadowgraphs   the projectile just before it hits   the   target,   and 
the  third X-ray counter  is   stopped by the discharge  pulse   of the 
X-ray  tube.     By  the  time  the projectile impacts   the  target,   then, 
its velocity is  checked  for six time intervals and shadowgraphs are 
taken  from  three  orientations   to verify its   orientation with respect 
to  the  target.     The  time  intervals  are measured with an accuracy of 
+ 0.5 p, sec, which results  in a percentage accuracy  of +0.5   times 
the velocity in km/sec.     The distances are measured  to an accuracy 
of + 1 mm over a  total  length  of 97  cm,  giving a negligible error 
in  the velocity determinations. 
Sample  Preparation 
After shock  treatments,   samples were received in bulk  form;   the 
original metal  target  case had been machined  open into two halves; 
each half consisting  of a  small amount  of shocked silicate material 
surrounded by metal  target  case.     In order   to  study  them with   light 
or electron microscopes,   they  first had   to be mounted  in epoxy and 
polished.     One  sample  of  lunar  glass  60095 was received in a  thin 
section. _Q 
Prior to mounting, an attempt was made to remove excess pieces 
of the target case metal to facilitate polishing and insure that 
the maximum amount of silicate surface would be exposed during 
polishing.  This was done with a silicon carbide blade attached 
to a Dremel Moto-tool.  The samples were then mounted in 1" epoxy 
mounts, and polished according to the following procedure.  Mounts 
were first ground on coarse (240-320 grit) A1„0_ paper on a low 
speed lap wheel until the silicate surface was exposed, and then 
fine ground with 600 grit paper.  Samples were then polished with 
6 |j,m diamond paste on a nylon lap either by hand on a glass plate, 
or on a low speed brass wheel. After this, the final polishing 
steps were done with alumina powder on low speed wheels, using 
successively, 1 u-m, 0.3 |xm (Linde A), and 0.06 Ujtn (Linde B) powder 
sizes.  Etching was done with 2%  nital. 
Optical Microscopy 
Microstructural observations were done on a Zeiss microscope 
and a Zeiss Axiomat metallograph.  Photographs taken on the metallo- 
graph were taken with a Polaroid film holder using P/N 55 film. 
Electron Optical Investigation 
An ETEC scanning electron microscope (SEM) was used to study 
microstructural aspects of metal spherules contained in silicate 
shocked samples, as well as a bulk piece of lunar glass 60095. 
An ARL electron microprobe (EMP) was used to obtain quantita- 
tive analyses of metal and glass compositions in these samples. A 
comprehensive treatment of the principles of operation of the SEM- 
30 
6? 
EMP are found in the literature and will not be reviewed here. 
Scanning Electron Microscopy 
The ETEC SEM was used to study the topography and metal-silicate 
relationships of shock samples prior to mounting and polishing. A 
focused beam of electrons is used to scan an area of the sample with 
magnifications of 10X to 50,000X. 
Secondary electrons produced by interactions between the elec- 
tron beam and sample are collected by a detector which produces an 
image on a cathode ray tube screen. Qualitative analysis^of specif- 
ic areas were obtained using an energy dispersive spectrometer (EDS) 
attached to the SEM.  Carbon was vacuum deposited in samples to 
prevent charge buildup on the surface.  Photographs of the secondary 
electron images were taken with P/N 55 film. 
Electron Microprobe 
An ARL electron microprobe was used to provide quantitative 
analysies on metal and silicate phases in lunar and shocked speci- 
mens. 
A beam of electrons hitting a specimen of interest will inter- 
act with that specimen in various ways.  The interaction will pro- 
duce Auger, secondary and backscattered electrons as well as con- 
tinuum and characteristic X-rays.  The size of the electron beam 
can be as small as .5 urn at 15 kv accelerating voltage and .025 \iA, 
but due to the volume extent of some of the beam-sample interactions, 
the resolution of the instrument is approximately 1 ^m. 
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Quantitative composition measurements are made using character- 
istic X-ray intensities.  This can be done by measuring the inten- 
sity of a K-line X-ray on a standard of known elemental composition, 
and comparing this to the k-line intensity of the unknown.  For 
some elements, wavelength dispersive spectrometers (WDS) were set 
for the specific angle 9 for each element, and in other cases, the 
energy dispersive spectrometer (EDS) was used, whereby characteris- 
tic energy intensity was determined for a specific elemental k-line. 
Metal spherules were analyzed for Fe (using EDS), Ni and Co (with 
LIF crystal on WDS), and P and S (with ADP crystal).  The shocked 
metals were also analyzed for Si, usually using EDS.  For the sili- 
cates, analyses were obtained for eight elements:  Si (on EDS or ADP 
crystal spectrometer), Ca and K (ADP crystal), Na, Mg and Al (RAP 
crystal) and Fe, Ti (LIF crystal). An accelerating voltage of 15 kv 
and a sample current of .025 microamperes (on pure Fe) was used for 
the silicates and metals.  Counting for standard intensities was 
done for sixty seconds on WDS, and reference spectrums collected 
for 100 seconds on EDS.  Samples and silicate standards were coated 
with a thin layer of vacuum-deposited carbon to insure good 
conduction. 
The standards used for quantitative analysis are listed in 
Table 2.  Peak intensities were determined for each element with a 
known composition.  Background intensities were determined on either 
side of the characteristic peak.  These intensities were averaged in 
order to take the contribution from continuum X-rays into account. 
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TABLE  2 
Standards  for   electron microprobe work 
Standards   for metals (ZAF  correction)              Composition   (wt%) 
Fe 100.0 Fe 
Ni 100.0 Ni 
Co 100.0 Co 
Phosphides   in iron meteorite  Lombard 15.5 P,   25.0 Ni,   59.5 Fe 
I 
Pyrite  FeS2 46.5 Fe,  53-5  S 
Copper 100  Cu 
Standards   for silicates  XBA correction) 
Ilmenite -46.96 FeO,  45.7 TiO-, 
50.0 MnO,   0.31 MgO 
Diopside 25.9  CaO,   18.62 MgO, 
55.48 Si,   55.48 Si02 
Orthoclase 64.39 Si02>   18.58 Al-O-, 
14.92 K20,   1.14 Na20, 
0.82 BaO 
Albite 11.82 Na20   ,   19.44 Al  0_, 
68.74  Si02 
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If it was found that greater accuracy in the background intensities 
was needed, the background intensities were obtained by counting 
the on-peak intensity of the element of interest on a material which 
did not contain that element. 
Peak intensity data was obtained for each point of interest. 
The data was processed by a Tracor Northern NS-880, an on-line 
mini-computer, by means of a correction program.  For metal data, 
a ZAF correction program EPMX was used.  For silicates, the Bence- 
Albee program was used. 
The ZAF program involves making corrections for various phenom- 
enon occurring in the sample which affect the characteristic X-ray 
intensity.  X-rays produced in the sample by the electron beam are 
not produced at the surface; they are created at some depth and 
must travel back out of the specimen in order to be detected.  In 
so doing, X-rays interact with other atoms in the specimen and are 
absorbed, causing a decrease in total X-ray intensity. A measure of 
this loss is given by the mass absorption coefficient u/p.  Further- 
more, the atomic number of the sample has an effect on produced 
X-rays due to electron backscattering and electron retardation. 
Electrons impinging on an element having a high atomic number have 
a much greater chance of colliding with another atomic particle and 
being deflected in a different direction than if the element had a 
low atomic number.  Thus, for a given depth, a low atomic number 
specimen will cause fewer scattering events than will a high atomic 
number material.  The final phenomenon which has to be corrected 
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for  is  secondary  fluorescence.     This occurs when the. energy of  the 
X-ray peak of one element  in  the  specimen  is higher   than  the 
excitation energy of another  element present,   creating excess X-ray 
intensity.    When  these   three   factors  are calculated,   they are used 
to amend  the measured relative  intensity,  k,   to give  the exact 
weight  fraction,   C. 
The Bence Albee   (BA) method  is  an empirical means  of approxi- 
6 T 
mation which depends on the observation by Casting  that the 
measured k value and the true composition C were related in such a 
way that a plot of C vs k resulted in a hyperbola.  Ziebold and 
64 Ogilvie  expressed the relationship as 
. C . 1-k _ (Fc) T" ~ a 
where a is an empirical constant which can be calculated for any 
binary system.  Bence and Albee extended this relationship to 
systems with more than two components.  They recognized that the 
"a" factor for each element is a function of the concentration of a 
factors for all the other elements, so that 
aA = CA aA + CB 3B + Cc ac 
where the subscripts refer to different elements present in the 
sample.  Compositions are then determined by an iterative process. 
Fluorescence effects can usually be ignored in silicates because 
they are small, and if standards of nearly the same atomic number 
as the unknown are used, the atomic number effect is not signifi- 
cant.  The Bense-Albee program basically corrects for absorption 
effects. 
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Sensitivity 
The accuracy of the microprobe data, or analytical sensitivity, 
is represented in the form of percentage of error.  The equation 
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for calculating sensitivity is given by the equation: 
iC,,n _ 2.33 x 100 
c
       / nN 
where   — = U  error 
n = number of analyses 
N = mean intensity (counts) at point of interest 
For example, the sensitivity of Fe when it composes 93% of the 
sample by weight can be calculated by: 
N = 6320 (average of 2 analyses) 
n = 2 
AC = (2.33) (100) = 2Q7% 
C
   / 2.6320  
when the calculated composition of iron is 93wt% it is accurate to 
+ 1.97wt%. This is a somewhat higher percentage of error than that 
which can typically be obtained using the microprobe.  This illus- 
trates the type of compromise which must be made when working with 
materials which require a small resolution; reducing the operating 
voltage improves the resolution by reducing the X-ray excitation 
volume in the specimen.  However, this also lowers the peak inten- 
sity counts obtained during the analysis, which increases the 
statistical error percentages.  This can be compensated to some 
extent, by using longer counting times, however, at long counting 
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times, the instrument has a tendency to drift, making an analysis 
even less accurate. 
The peak to background intensity ratio must also be considered 
when choosing an operating voltage.  If the background intensity 
due to continuum X-rays is large, any inaccuracies in the measure- 
ment will have a serious effect on the determination of k values. 
As operating voltage E increases, the P/B ratio also increases. 
E 
A general rule is that if —- (where E is the critical excitation 
Ec       C 
voltage of an element) is greater than 2, the intensity measure- 
E 
ments should be sufficient.  The ratio —— is called the over- 
voltage, U. 
For silicate measurements, 15 kv operating voltage is usually 
used; this insures excitation of Fe K-lines and also any elements 
lighter than Fe. Metal analyses were most often done at 15 kv 
also, in order to maximize resolution.  By using the mass range 
equation of Andersen and Hasler,   it was determined that the 
spatial resolution of Fe X-rays in a diopside matrix was cut almost 
in half when the lower operating voltage was used.  Since many of 
the Fe-Ni spherules in the shocked silicate samples and lunar glass 
were on the order of 1 - 5 p in size, it was decided that using the 
lower voltage would be advantageous for studying the smallest 
spherules possible. 
The choice of sample current depended on whether or not some 
% 
of the elements were analyzed using the EDS.  The electronics of 
the amplifier on the EDS system is designed so that if too many 
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X-ray counts  are received at  one  time,  many of  them will be re- 
jected,   resulting  in erroneous  totals.     When sample  current   is 
s 
kept low, the number of electrons hitting the sample is also lower, 
preventing the production of too many X-ray counts.  An indication 
of whether or not too many X-rays are entering the system is given 
by the % dead time.  Dead time refers to time during which the 
detector refuses to accept any more signals until it has had time 
to process the signals it has already received.  If the dead time 
exceeds 40%, the operating voltage or sample current should be 
lowered.  Because of the large number of elements analyzed in both 
metal (Fe, Ni, Co, P, S, and Si in shock materials) and silicate 
(Si, Al, Na, K, Ca, Mg, Ti, Fe), the EDS was usually employed for 
analyses in order to save time. 
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RESULTS 
Results are presented for the various textural, microstruc- 
tural and compositional criteria used to study the shock effects 
on silicate and metal samples, as well as the compositional data on 
the lunar sample studied.  The results basically consist of SEM 
photographs, photomicrographs, and data from microprobe measure- 
ments • 
SEM and Photomicrographs - silicate 
In general, the texture of the silicate targets shot in copper 
cases was not appreciably affected by changes in pressure.  SEM 
photographs in Figures 4 and 5, and 6 and 7 are targets shot at low 
pressure and high pressure, respectively.  These show that, while 
some differences exist between shots, the samples are all similar 
in appearance.  There is not sufficient variation in surface tex- 
ture to distinguish a high pressure shot from a low pressure shot. 
The copper cased samples have vesiculated, glassy material sur- 
rounding unmelted pieces of the original glass powder. Most 
samples, regardless of the shock pressure, contain regions which 
appear to be glassy, and some which appear to be more crystalline 
(Figs. 8-13). 
Figure 14 indicates the close association of metal spherules 
with the intergranular regions of the shocked samples.  Spherules 
were not found resting on grain surfaces.  Figure 15 shows the 
extent and size distribution of metal spherules in these shots. 
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Figure 4.  Silicate grains surrounded by shock melted glass. 
Shocked glass is highly vesiculated, and tiny metal 
spherules can be seen in these regions. 
Magnification=300x. Shot 716; 399 kb. 
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Figure 5.  Silicate grains separated by intergranular shock- 
melted glass.  Glass is defined by vesicles and 
conchoidal fracture.  Many larger vesicles are lined 
with metal spherules. Magnification=300x. 
Shot 721; 474 kb. 
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Figure  6.     Light-colored  silicate  grains  surrounded by dark, 
vesiculated shock glass.    Magnification=120x. 
Shot 716;   399 kb. 
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Figure 7.  Silicate grains surrounded by highly vesiculated 
shock glass. Magnification=120x.  Shot 722; 464 kb. 
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Figure  8.     Primarily glassy region,   showing strong evidence of 
flow and deformation.     Magnification=140x. 
Shot 716;  399  kb. 
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Figure 9.  Smooth surfaces and vesicles indicate shock melted glassy 
regions.  Magnification=120x.  Shot 721; 474 kb. 
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Figure 10.  Crystalline grain (off-center, lower left) shows 
cleavage texture as opposed to surrounding glass.^ 
Magnification=300x.  Shot 718; 397 kb. 
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Figure 11.  Crystalline grain (to right and below center) 
contains cleavage, while shocked glass is either 
vesiculated, or smooth with numerous metal spherules, 
Magnification=300x. Shot 123; 494 kb. 
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Figure  12.     Glass grain  in center has   irregular,   deformed   linear 
pattern  indicative of strain.     Surrounding shock 
melted glass   contains  vesicles  and metal  spherules, 
but no  indication of strain.     Magnification=600x. 
Shot   717;  393 kb. 
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Figure 13.  Glass grain areas defined by .step-like, irregular 
pattern.  Shock melted glassy regions defined by 
smooth texture, and vesicles.  Magnification=600x, 
Shot 722; 464 kb. 
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Figure 14. Association of metal spherules with vesiculated 
glassy regions of shocked silicate. Magnification5 
1200x.  Shot 717; 393 kb.       *   ■ 
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Figure   15.     Glass  surface  shows  e.xtent  of metal  spherule  size 
distribution.     Magnification=400x. 
Shot  716;   399  kb. 
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Photomicrographs of the Cu cased samples show the same trend 
as the SEM photos.  In most of these photos, it is difficult to 
determine the high pressure shot from the low pressure shot (Figs. 
16-24).  The best example of this is seen in Figures 16-18.  Fig- 
ure 16 is indistinguishable from Figure 17 in terms of the amount 
of intergranular glassy regions and fracturing of grains, even 
though the shocked pressure difference between the two samples was 
almost 100 kb.  Figure 18, however, is a photo of a different area 
in the higher pressure sample; it shows a larger proportion of 
holes, fracturing, and intergranular glass.  In the rest of the 
photomicrographs, the variation in texture from low to high pres- 
sure is small, but generally a higher proportion of vesiculated 
intergranular glass is found in the high pressure shots- 
The shots which used glass as a target (Figs. 21-24) show a 
different texture from those which used a crystalline diopside. 
This difference is not apparent in the SEM photographs, but can be 
seen in the photomicrographs.' In the glass target samples, the grain 
boundaries are not well defined and the grains themselves are 
structureless.  The crystalline diopside samples have well defined 
grain boundaries, and fracturing in many grains.  In Figure 17, 
the fracture pattern in one grain appears to be crystallographic in 
nature. 
The set of specimens shot in synthetic meteoritic alloy (SMA) 
cases show a variation in texture with pressure. As the shock 
pressure increases, the amount of glassy material formed also 
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Figure 16.  Diopside grains clearly defined in matrix of glass, 
Magnification=250x.  Shot 719; 386 kb. 
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Figure 17.  Diopside grains surrounded by glass.  Grain in lower 
right is crisscrossed by crystallographic cleavage 
pattern. Magnification=320x. Shot 724; 477 kb. 
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Figure  18.     Several diopside grains  have  fractured  through entire 
grain.    Metal  pieces  and  spherules  are  abundant. 
Magnification=320x.    Shot 724; 477 kb. 
/■ 
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Figure 19.  Diopside grains show some irregular fracture patterns; 
most grains are clearly surrounded by metalliferous 
glass.  Magnification=250x.  Shot 718; 397 kb. 
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Figure 20.  Diopside grains in glass.  Proportion of small, 
fractured diopside grains is more abundant than in 
lower pressure shock sample (see Figure 19). 
Magnification=320x.  Shot 723; 494 kb.• 
57 
Figure 21. Glass grains in shocked, intergranular glass. The 
two phases are in approximately equal proportions. 
Magnification=250x.  Shot 717; 393 kb. 
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Figure 22.  Glass grains in shocked intergranular glass.  Shocked 
glass is in higher proportions in higher pressure 
samples.  Magnification=320x.  Shot 722; 464 kb. 
59 
Figure 23.  Structureless glass grain surrounded by shocked 
metal rich glass.  Magnification=320x.        ' 
Shot 716; 399 kb. 
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Figure  24.     Structureless  glass  grains   surrounded  by metal rich 
shocked  glass.     The   two glass  phases  appear   to be 
continuous.     Magnification=250x.    Shot  721;  474 kb. 
61 
increases.  The low pressure shots (Figs. 25-26) have a very granu- 
lar appearance, while the high pressure shot is almost totally 
glassy (Figs. 27-28).  The intermediate pressure shot is a mixture 
of the two textures (Figs. 29-31). 
The photomicrographs of the first series of shots also indi- 
cate increasing pressure.  Figure 32 shows discrete grains with 
well defined boundaries, separated by a glassy phase.  A few large 
fractures traverse the grains, and these are often filled with 
glass.  In Figure 33, the intermediate pressure shot has individual 
grains which are still visible, but the boundaries are vS'gue.  A 
large number of microcracks have formed in the grains.  In the 
highest pressure shot, Figure 34, the glassy and crystalline phases 
are difficult to distinguish from one another, and extensive frac- 
turing seems to have taken place, breaking up original grains into 
smaller pieces. 
SEM and Photomicrographs - metals 
Spherules from SMA cased shots 
Figures 35-37 are SEM photographs showing the kinds of 
metal spherules found in the SMA case shots. A few of the largest 
spherules were > 150 (j,m in size.  Most exhibited a dendritic or 
cellular structure of some sort (Figs. 35-36), though on some of the 
smaller spherules, this type of structure was not visible (Fig. 37). 
The metals were distributed over the entire surface of the silicate, 
and were not restricted to any particular area.  Qualitative analy- 
sis of the particles with EDS indicated that they were all basically 
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Figure 25.  Low pressure shock sample in SMA case has generally 
granular appearance, but contains some smoother, 
glassy regions. Magnification=150x. 
Shot 321; 395 kb. 
/ 
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Figure 26.  Low pressure shock sample in SMA case is highly 
granular.  Magnification=600x.  Shot 320; 395 kb 
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Figure 27.  High pressure shock sample is defined by smooth glass 
containing metal spherules and vesicles. 
Magnification=A00x.  Shot 289; 530 kb. 
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Figure  28.     High pressure shock sample  containing  typical glassy 
relief.     Magnification=560x.    Shot  289;   530 kb. 
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Figure 29.  Intermediate pressure shock sample has relief which 
contains both granular and glassy appearance. 
Magnification=150x. Shot 410; 479 kb. 
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Figure 30.  Intermediate pressure shock sample contains regions 
with similarities to both high pressure sample 
(Figure 28) and low pressure sample (Figure 26). 
Magnification=600x. Shot 410; 479 kb. 
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Figure 31.  Bronzite grain surrounded by glass.  Magnification1 
600x.   Shot 410; 479 kb. 
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Figure 32.  Low pressure shock sample; well defined grains, 
small number of trans-granular fractures.  Some 
sharp corners on grains survived the shock event. 
Magnification=250x.  Shot 326; 395 kb. 
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Figure  33.     Intermediate  pressure  shock sample.     Grain boundar- 
ies are  ill-defined,  but grains  are  easily distin- 
guished  from  intergranular  glass.     System of  tiny 
microfractures   is  seen   in  grains.     Grains are well 
rounded.     Magnification=250x.    Shot 410;  479 kb. 
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Figure   34.     High pressure  shock sample.     Grains  are  highly 
fractured,   and not always  distinguishable   from glass, 
Magnification=250x.     Shot 289;   530 kb. 
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Figure 35. Metal spherule approximately 80 ^m  in diameter, 
held in silicate.  Surface structure indicates 
dendritic or cellular micros trueture. 
Shot 410; 479 kb. 
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Figure 36.  Dendritic structure readily visible on metallic 
spherule. Spherule diameter « lOO^m. 
Shot 321; 395 kb. 
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Figure 37.  Metal spherule, 20 p,m in diameter, exhibits no 
definite solidification structure. 
Shot 320; 395 kb. 
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Fe, with Ni and Co, and varying amounts of P and S- 
When polished and etched, these spherules showed some 
variation in microstructure (Figs. 38-40) as indicated earlier by 
their surface structure.  The microstructure of a piece of the 
original alloy from which the shot cases were made is seen in Fig- 
ure 4 1. 
Copper cased shots 
In the next series of shots, the copper case reacted with 
the Fe-Ni metal particles in the silicate. As shown in a later 
section, Cu was almost invariably found to be a constituent in these 
spherules (Figs. 65, 71-74).  Compared to the first series of shots, 
the metal particles were also much smaller; very few were as large 
as 50 y,m.  These metal particles also showed a much wider diversity 
with respect to structure (Figs. 42-47).  Some were dendritic, 
others had different types of segregation structures, and a few had 
no visible structure.  Several spherules had indentations on the 
surface.  These metals were also distributed differently; rather 
then being spread over the entire surface of the silicate, they 
were found intergranularly associated with glass.  They were not 
observed resting on the surface of a grain (i.e., Fig. 12). 
Photomicrographs of the metals in the Cu cased shots are 
seen in Figures 42-51, 53-56.  Half of the shots contained (FeNi)S 
as added metal, and half contained the same synthetic meteoritic 
alloy used to construct the cases of the previous series of shots. 
The majority of spherules composed of sulfide metal have a 
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Figure 38.  Polished and etched metal spherule (150 p,m in dia- 
meter) from SMA cased shot.  Etched in 2% Nital. 
Shot 320; 395 kb. 
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Figure 39.  Polished and etched metal spherule from SMA cased shot. 
Spherule diameter « 125 |im, contains dark grey 
silicate inclusions. Etched in 2% Nital. 
Shot 411; 479 kb. 
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Figure 40.  Dendritic microstrueture in metal spherule in SMA 
cased sample. Magnification=6800x. 
Shot 289; 530 kb. 
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Figure 41.  Dendritic microstrueture of unshocked SMA alloy, 
Magnification=80x.  Etched in TU  Nital. 
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Figure 42. Metal spherule in Cu-cased shock sample.  Diameter 
30 Jim.  Shot 717; 393 kb. 
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Figure 43. Metal spherule in Cu-cased shock sample showing 
dendritic surface relief.  Spherule diameter « 20 
Shot 719; 386 kb. |im. 
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Figure 44. Metallic spherule exhibiting no visible microstructure 
in Cu-cased shock sample.  Diameter of spherule w 
10 p,m.  Shot 724; 477 kb. 
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Figure 45.  Metallic spherule in Cu-cased shock sample.  Diameter 
of larger spherule « 15 u,m.  Shot 724; 477 kb. 
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Figure 46.  Globular and cellular micros truetures present in 
metal particle.  Diameter « 15 u,m. 
Shot 721; 474 kb. 
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Figure 47. Metal spherule in Cu-cased sample.  Very vague 
structure visible on surface.  Diameter » 10 p,m. 
Shot 722; 464 kb. 
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dendritic structure (Figs. 48—51) similar to the original alloy from 
which the metal was taken (Fig. 52), though often on a smaller 
scale.  A few of the smaller metals, however, consist of an FeNi 
phase surrounded by sulfide.  Those shots which contained the syn- 
thetic meteoritic alloy often show a highly deformed structure (Fig. 
53), or a blocky structure (Fig. .54), but the smaller metals occa- 
sionally have a dendritic (Fig. 55) or eutectic type of structure 
(Fig. 56).  Occasionally, a spherule contained both a copper-rich 
phase and an iron-rich phase, with distinct boundaries between the 
two; these could only be seen in color, or when the samples had been 
etched, since the Cu-rich phase etched differently from the iron 
phase. 
Microprobe Data - metals 
Shots using synthetic meteoritic alloy (SMA). 
Compositional data obtained from the electron microprobe for 
the series of 5 shots encased in synthetic meteoritic alloy (SMA) 
are summarized by histograms and graphs seen in Figs. 57-61-  Data 
for shocked metal spherules and particles can be compared to data 
obtained from the meteoritic alloy.  In general, the compositions 
of the spherules closely resemble the compositions of the alloy. 
The dendritic microstructures were also similar, although the/den- 
drite arm spacing differs by several orders of magnitude between 
alloy and shocked spherules (see Figs. 38 and 41).  Segregation of 
elements occurred between dendritic and interdendritic regions in 
the SMA, particularly Ni and P.  When analyzed in shocked spherules, 
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Figure 48. Metal particle from Cu-cased shock sample.  Bottom 
half has structure of unshocked alloy (Fig. 52), top 
half shows indications of melting. Magnification=350x. 
Light phase is Fe-Ni metal, dark phase is aulfide. 
Shot 716; 399 kb. 
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Figure 49.    Metal  particle  from Cu-cased  shock sample contains 
structure  of unshocked alloy   (Fig.   52). 
Magnification=350x.     Light  phase   is  Fe-Ni metal, 
dark phase   is   sulfide.      shot  721;  474 kb. 
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Figure 50.  Melted spherules with dendritic microstructure. 
Diameter of top spherule « 40 y,m.  Light phase is 
Fe-Ni metal, dark phase is sulfide. 
Shot 721; 474 kb. 
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Figure 51.     Melted metal particle with discrete metal and  sul- 
fide  phases   separated by dendritic area.     Long 
dimension «  30 p,m.     Light phase   is  Fe-Ni metal,   dark 
phase  is  sulfide.    Shot 723;  494 kb. 
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Figure 52.  Unshocked synthetic meteoritic alloy (SMA). 
Magnification =250x. 
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Figure 53.  Deformed structure of shocked SMA metal added to 
silicate.  Etched in Marble's reagent. Magnification1 
250x.  Shot 719; 386 kb. 
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Figure 54.  Shocked SMA metal added to silicate target, exhibiting 
blocky, polycrystalline structure.  Etched in 2% Nital. 
Magnification=500x.   Shot 722; 464 kb. 
94 
Figure 55.  Needle-like structure of shocked SMA. metal added to 
silicate target.  Diameter of spherules 25 p,m. 
Etched in Marble's reagent.  Shot 722; 464 kb. 
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Figure 56. Magnification of microstructure in Figifire 55.  Dark 
phase is high Fe; light phase (beginning to etch) is 
high Cu. Magnification =2400x.  Etched in Marble's 
reagent.  Shot 722; 464 kb. 
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Ni and P are not segregated; Ni and P values show a distribution of 
compositions intermediate between the segregated values (note 
Figs. 57 and 58).  An exception to this trend is in shot 410 
which has a higher Ni distribution than any of the other shots. 
This shot was also unusual because chromium was found to be present 
in the majority of the spherules.  Cobalt did not segregate in the 
synthetic meteoritic alloy (note Fig. 59). 
Sulfur compositions in both the alloy and spherules were usu- 
ally <0.2 wt7o.  In many analyses, sulfur was not present.  Few 
sulfides were found in the unshocked alloy, and none were present in 
the shocked particles.  No spherules with more than 0.5 wt% sulfur 
were found.  There was no segregation of sulfur between dendritic 
and interdendritic areas in the SMA, and sulfur values in the spher- 
ules closely resembled those in the alloy. 
Almost all the Ni-Co contents in the shocked spherules (Fig. 60) 
25 fall in the meteoritic range as defined by Goldstein and Yakowitz. 
The box drawn on the graphs indicates the total range of Ni and 
cobalt found in both the dendritic and interdendritic areas in the 
SMA. Almost all the Ni and Co compositions of the analyzed spherules 
fall within this box.  Figure 61 shows the lack of any correlation 
between Ni/Fe composition ratios and the size of shocked spherules. 
Composition profiles were taken across several of the larger 
spherules (> 100 p,m) .  None of the profiles showed enrichment of any 
element across the spherules.  They were homogeneous with respect to 
composition, and no separate phases large enough to be detected by 
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Figure 57.  Distribution of Ni compositions in unshocked SMA alloy 
and metal spherules in SMA cased shock samples.  Num- 
bers in each histogram refer to the number of the 
shocked sample.  In the alloy histogram, the stippled 
area represents interdendritic compositional analyses, 
the light area represents dendritic analyses, and the 
dashed line represents average bulk analyses of the 
alloy. 
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Figure 58.  Distribution of P compositions in unshocked SMA alloy 
and metal spherules in SMA cased shock samples.  Num- 
bers in each histogram refer to the number of the 
shocked sample.  In the alloy histogram,  the stippled 
area represents interdendritic compositional analyses, 
the light area represents dendritic analyses, and the 
dashed line represents average bulk analyses of the 
alloy. 
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Figure 59.  Distribution of Co compositions in unshocked SMA alloy 
and metal spherules in.SMA cased shock samples.  Num- 
bers in each histogram refer to the number of the 
shocked sample.  In the alloy histogram, the stippled 
area represents interdendritic compositional analyses, 
the light area represents dendritic analyses, and the 
dashed line represents average bulk analyses of the 
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Figure 60.  Ni and Co compositions of spherules in SMA cased 
shock samples.  Box indicates range of compositions 
found in unshocked SMA alloy.  For definition of 
various areas, see Figure lb. 
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Figure 61.  Ratio of wt7„ Ni to wt% Fe in spherules contained in 
SMA shock samples.  Bar at top indicates range of 
Ni/Fe in unshocked SMA alloy.  Line represents least 
squares fit of points. 
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the microprobe were found. 
Silicate inclusions were found in many of the spherules analyzed, 
but they were too small to obtain reliable analyses.  EDS spectra 
indicated that these inclusions contained the same elements present 
in the target silicate, and in approximately the same proportions. 
The exception to this result was the higher Fe content, presumably 
due to the contribution of iron from the metal matrix. 
Copper cased shots 
In this series of shots, metal particles were added to the sili- 
cate target before it was shocked in order to determine whether 
composition or micros trueture would change due to the high pressure 
shock wave.  Both SMA and (FeNi)S alloy metal were used in these 
shots.  The cases were composed of copper, so that contamination by 
the case material would be easily recognized.  Copper was found in a 
large majority of spherules analyzed, making direct comparisons of 
composition between original and shocked metal more difficult. 
A.  Shots with synthetic meteoritic alloy powder 
Shock samples which contained SMA metal powder (shots 717, 
719, 722, 724) presented the fewest complications for microprobe 
analysis.  The spherules in these samples were more directly compara- 
ble to the unshocked alloy. With very few exceptions, analyses in- 
dicated that they were homogeneous and single phased, similar to 
spherules from the SMA-cased series of shots.  SEM photographs and 
photomicrographs from the previous section show that some of the 
particles have a dendritic structure.  This observation implies that 
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segregation occurs in these spherules (note Figs. 42,43). 
Copper was found to comprise as much as 94 wt7» of the 
spherules, but in general, there was less than 30 wt% Cu in the 
majority of the spherules.  Figure 62 shows that the relationship 
between Fe and Cu contents is linear; Cu almost directly substitutes 
for Fe.  Plots of copper vs. nickel concentration are given in 
Figure 63.  These indicate that as Cu content is increased, Ni 
content decreases, as would be expected from the diluting effect 
of Cu.  For the addition of 20% Cu, the Ni content decreases by 
1 to 1.5 wt%.  The variation of phosphorus with copper concentration 
is seen in Figure 64.  Phosphorus content, unlike iron, increases 
with copper concentration.  Cobalt content decreased slightly with 
increasing Cu content, but it basically showed the same trend as Ni. 
The sulfur concentration was again low or nonexistent, but 
when it was present in analyses, it showed no correlation with 
copper.  In shots 722 and 717, sulfur content was almost always less 
than 0.1 wt?0; only four analyses had sulfur concentrations greater 
than 0.2 wt%.  In shots 724 and 719, sulfur was somewhat higher, but 
was still usually less than 0.2 wt%. 
Histograms of element compositions of Ni and P in the 
spherules are given in Figures 65-66.  Many of them are comparable 
to the histograms given for samples shot in the SMA case, although 
the effect of copper dilution on the peak distributions is notice- 
able in most of the copper cased shots. 
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Figure 62. Wt% Fe vs. wt% Cu in spherules contained in Cu-cased 
shock samples which had SMA added to silicate target, 
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Figure  63.     Wt% Ni  vs.  wt% Cu  in  spherules  contained  on Cu-cased 
shock samples which had SMA added  to silicate  target 
material.     Bar at   top   indicates  range  of Ni  in 
unshocked SMA metal. 
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Figure 64.  Wt7<, P vs. wt7» Cu in spherules contained in Cu-cased 
shock samples which had added SMA metal.  Bar at top 
indicates range of P in unshocke.d SMA metal. 
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Figure 65.  Distribution of Ni compositions in unshocked SMA alloy 
and metal spherules in Cu-cased shock samples.  Num- 
bers in each histogram refer to the number of the 
shocked sample.  In the alloy histogram, the stippled 
area represents interdendritic compositional analyses, 
the light area represents dendritic analyses, and the 
dashed line represents average bulk analyses of the 
alloy. 
108 
15 
10 
0.2  0.4  0.6  0.8  1.0 
722 
0.2  0.4  0.6  0.8  1.0 
WT % P 
Figure 66.  Distribution of P compositions in unshocked SMA alloy 
and metal spherules in Cu-cased shock samples.  Num- 
bers in each histogram refer to the number of the 
shocked sample.  In the alloy histogram, the stippled 
area represents interdendritic compositional analyses, 
the light area represents dendritic analyses, and the 
dashed line represents average bulk analyses of the 
alloy. 
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The nickel content in the copper cased shocked metal (Fig. 
65) has a wider range of composition than either the unshocked SMA 
metal (alloy) or in the SMA cased samples (Fig. 57).  This range has 
been shifted to lower concentrations.  Cobalt shows a trend similar 
to Ni in all four shots.  It is distributed around compositions 
similar to the unshocked alloy, with a small number of spherules 
having very low Co concentrations.  These spherules contain very 
high copper contents.  Phosphorus contents (Fig. 66) have the same 
composition range as the SMA unshocked metal (alloy).  The peak 
distribution is shifted to a slightly lower concentration with 
respect to the SMA shocked spherules (Fig. 58). 
The Co/Ni distribution in these four shots, shown in Fig- 
ure 67, indicates that most of the compositions are still in the 
meteoritic range as given by Goldstein and Yakowitz. However the 
spherule compositions cover a wider range of Co and Ni than the SMA 
as indicated by the Ni histograms, Figure 65.  The result of lower- 
ing Ni and Co concentrations in general has been to keep the spher- 
ules in the meteoritic range although the) composition is different 
than the SMA cased shock spherules (Fig. 60). As with the SMA 
shock spherules, the size of the spherule had no correlation to Ni/ 
Fe ratios. 
Shot 722 contained two unusual spherules.  One was a 29 p, 
round particle containing between 16.7 and 18.4 wt% Ni.  The Ni 
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Figure 67. Ni and Co compositions of spherules in Cu-cased shock 
samples with SMA added to silicate.  Box indicates 
range of compositions found in unshocked SMA alloy. 
For definition of various areas, see Figure lb. 
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contents were slightly higher toward the edge of the spherule.  The 
second spherule contained two phases, an iron-nickel phase and a 
sulfide phase.  The compositions of the phases are similar to spher- 
ules in the shock samples which contained powdered (FeNi)S metal. 
Shot 717 contained a spherule with unusually low Ni content. Several 
analyses of the particle resulted in Ni contents of less than 1.0 wt%. 
B.  Shots with high S containing metallic alloy powder 
The remaining four shots (716, 718, 721, 723) contained a 
powdered (FeNi)S alloy as starting material.  This alloy consisted 
a metal phase and a sulfide phase in a dendritic structure (Fig. 52). 
The types of spherules produced by shock fell into one of three 
categories: 
1) a single homogeneous phase throughout the entire 
spherule; 
2) a two phase particle consisting of an iron-rich 
metallic phase, and a sulfur phase; 
3) a three phase particle consisting of an iron-rich 
metallic phase, a copper rich metallic phase, and 
a sulfur phase. 
The compositions of the phases of these various spherules are plot- 
ted in Figures 71-73.  In these graphs, iron and nickel are plotted 
from the lower left-hand corner and their weight percentages are 
given by a circle.  Copper and sulfur are plotted from the upper 
right-hand corner and are given by a square.  A line is drawn between 
these two points to give the four element analysis of each phase. 
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The average compositions of the unshocked (FeNi)S alloy phases are 
also plotted on these graphs. 
Bulk compositions for single phase spherules in shot 718 
are given in Figure 68.  The compositions generally cluster on the 
right-hand side of the graph, with the exception of the high copper 
particles.  The compositions indicate that copper is present in all 
except one spherule analyzed. Nickel content varies between the two 
original unshocked (FeNi)S phase compositions, but is also higher in 
some analyses than the Ni content in the metallic phase of the alloy. 
Iron varies over a wide range due to the addition of copper, but the 
weight percent of iron in these spherules is lower than in the 
metallic phase of the alloy. At least a small amount of sulfur was 
found in the spherules, though in several of them the sulfur con- 
centrations were less than one weight percent.  One spherule had a 
composition similar to the sulfide composition from the unshocked 
alloy.  The majority of the spherules have compositions intermediate 
between the composition of the (FeNi)S alloy phases with varying 
additions of copper.  Single phase spherules in the rest of the 
shots are all similar to those in shot 718. 
The compositions of phases in two phase particles for shot 
721 are given in Figures 72,73..  In the iron-rich phase (Fig. 69), 
iron content decreases as copper increases, but nickel remains ap- 
proximately the same.  Sulfur is low in this phase, usually less 
than 5 wt%. The sulfur-rich phase (Fig. 70) contains more copper 
than the iron phase, and as copper increases, both iron and nickel 
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Figure 68.  Compositions of single phase spherules in Cu-cased 
shock samples with (FeNi)S added to silicate.  The 
composition of each spherule is represented by a circle 
(indicating wt% Fe and wt% Ni) and a square (wt7„ Cu and 
wt% S). These are connected by a line to indicate a 
single four-element composition.  The compositions of 
the unshocked alloy phases are represented by dashed 
lines; M=metallic phase, S=sulfide phase. 
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Figure 69. Compositions of metal phases found in two-phase 
spherules in Cu-cased shock samples with (FeNi)S added 
to silicate.  The composition of the phase in each 
spherule is represented by a circle (indicating wt% Fe 
and wt% Ni), and a square (wt% Cu and wt% S).  These are 
connected by a line to indicate a single four-element 
composition.  The composition of the unshocked alloy 
phase is represented by a dashed line. 
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Figure 70.  Compositions of sulfide phases found in two-phase 
spherules in Cu-cased shock samples with (FeNi)S added 
to silicate.  The composition of the phase in each 
spherule is represented by a circle (indicating wt% Fe 
and wt% Ni), and a square (wt% Cu and wtX S).  These 
are connected by a line to indicate a single four- 
element composition.  The composition of the unshocked 
alloy phase is represented by a dashed line. 
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decrease. The sulfur contents vary over a large range, and in some 
spherules, the composition of the sulfide phase is very similar to, 
and overlaps, compositions found in the iron phase (not in the same 
spherule). 
Three phase spherules (Fig. 71) were only found in shot 
723.  The iron and sulfide phase compositions are analogous to the 
same phases in the two phase particles.  The copper phase is similar 
in composition to the high copper spherules in single phase particles. 
Microprobe Data - silicates 
Microprobe analyses were done to determine the composition of 
the silicate glass matrix surrounding metallic spherules in the 
experimentally shocked samples.  In particular, traces from the 
metal/glass interface were taken out into the glass to determine 
whether or not composition gradients exist in the glass.  No gradi- 
ents were found in the experimentally shocked silicates. Metal 
spherules in the silicates were all found in intergranular glassy 
areas, and the glass in these areas were compositionally homogene- 
ous.  Very local enrichments in iron, probably due to submicroscopic 
metal particles, often occurred in the glass. 
Lunar Particle 60095 
Lunar particle 60095 is a large piece of semi-devitrified glass 
which has probably been formed by meteoritic impact.  Resting on the 
surface of the glass is a relatively large piece of metal which is 
partially imbedded in the glass (Fig. 72).  Thin sections of portions 
of the glass reveal the presence of other metallic spherules through 
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Figure 71.  Compositions of phases in 3 three-phase spherules in 
Cu-cased shock samples with (FeNi)S added to silicate. 
The three phases are differentiated by the use of 
different endpoints; The Cu-rich phase has closed 
circles, the Fe-rich phase has squares, and the S-rich 
phase has opened circles.  Fe and Ni compositions are 
represented by endpoints in the lower half of the 
graph, Cu and S are represented by endpoints in the 
upper half of the graph. The compositions of the un- 
shocked alloy phases are represented by dashed lines; 
M=metallic phase, S=sulfide phase. 
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Figure 72.  Lunar glass 60095, with imbedded metal spherule, 
Diameter of spherule « 300 um. 
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the entire piece of glass.  The largest of these, seen in Figure 73, 
was 50 \i  in diameter. Most of the metal spherules have microstruc- 
tures similar to the ones in Figures 73-74 consisting of a metallic 
and sulfide phase usually in a semi-globular arrangement.  Other 
spherules consist of a metallic core surrounded by a sulfide husk, 
but these are rare. A large number of extremely small (< .5 ^m) 
spherules were seen all through the glass but these were too small 
to obtain any information on them. 
A list of bulk compositions measured on the electron microprobe 
for some of the phases in the spherules is given in Table 3.  In 
many of these spherules, Ni content was very high in the metallic 
phase. 
The average bulk composition of the silicate glass matrix of 
60095 measured on the electron microprobe is given in Table 4.  Very 
little variation occurred in the glass composition; areas which had 
become partially devitrified had substantially different compositions. 
As with the experimentally shocked silicates, no composition gradi- 
ents were seen going out from the metals, although local enrichments 
of iron were found.  These were almost certainly due to small metal- 
lic spherules present in the glass. 
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Figure 73. Metal spherule in lunar glass 60095.  Diameter of 
spherule « 250 |o,m.  Dark phase is sulfide, light 
phase is Fe-Ni metal. 
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Figure 74. Metal spherule in lunar glass 60095.  Diameter of 
spherules 100 (j,m.  Dark phase is sulfide, light 
phase is Fe-Ni metal. 
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TABLE 4 
Bulk  composition  of  lunar glass  60095 
(average  of 7 analyses) 
Oxide Concentration   (wt%) 
Si02 45.6 + 1.2 
A1203 26.4 + 0.9 
CaO 14.0 +0.2 
MgO 7.5 + 0.3 
FeO 4.9  + 0.2 
Ti0„ 0.5 +0.08 
Na  0 0.2 + 0.05 
K20 - 
r- 
99.1 
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DISCUSSION 
The results of this study can be applied to impact processes 
occurring on the lunar surface.  The powder gun facility at NASA is 
used primarily for work involving shock effects in silicates, how- 
ever, the discovery that metallic spherules are generated by the 
shock event in the gun provided an excellent means to study shock 
induced metals.  One of the problems involved in determining the 
origin of lunar metal is the fact that few pieces of undisputed 
meteoritic debris have been found during the lunar missions.  On 
earth, many meteorite pieces have been found which have not been 
substantially altered by their fall.  By knowing the nature of the 
parent material, meteorite pieces which have been altered can be 
traced to the original meteorite.  In this way, the effect of the 
shock event on the metal can be determined.  This type of study has 
x. - A  u c  ■ -•  -   45,58,66,67 „ been attempted by many groups of investigators. Generally, 
metallic spheroids associated with impact craters bear little micro- 
structural resemblance to the meteorite from which they came. 
45 67 66 Nininger,   Mead, et al.   and Blau, et al.   found that the 
spheroids from the Canyon Diablo meteorite generally contain a 
dendritic or cellular micros trueture, definitely indicative of 
having formed from a liquid.  Due to the location of the crater in 
quartz-rich sandstone, the spheroids obviously came from the meteorite, 
but lacked the structures which characterized it.  Lunar metallic 
spherules often have this same sort of microstructure. According to 
Blau and Goldstein,  30% of the spherules they investigated from 
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Apollo 11, 12, 14, 15 and 16 had a dendritic or cellular structure. 
Compositionally, however, terrestrial impact spheroids differ 
from lunar spherules.  On earth, spherules are increasingly enriched 
in Ni and Co relative to the original unshocked meteorite as the 
CO (LC.     (L~l 
size of the spherule decreases.  '  '   This trend is not generally 
•seen on the moon, '  although Nagel, et al.  apparently found 
increasing Ni content in spherules <2.0u.m in size.  This is rare 
however; most compositional data taken on lunar spherules indicates 
that little, if any, fractionation of major elements occurs.  The 
cause of the fractionation of iron in terrestrial impact spheroids 
is not certain, but many investigators attribute the loss of iron 
to an oxidation process occurring while the metal is in a liquid 
45,58,66,D 
state.      Of the three elements Fe, Ni and Co, iron is assumed 
to be the most easily oxidized.  In the earth's atmosphere, this 
could be the way for the metal to become depleted in iron.  On the 
lunar surface, however, the oxygen fugacity is well below the iron- 
wUstite buffer, and this mechanism should not be operating. 
In studying element fractionation, then, the amount of oxygen 
present will have a direct effect on the results obtained.  The study 
mentioned previously by Gibbons, et al. was done in a reduced atmos- 
phere (10  torr) with stainless steel spherules.  They found that 
Cr was depleted in smaller spherules, but Fe and Ni did not show a 
definite trend.  However, Cr would probably oxidize at a lower P_ 
than iron, so that these results are not inconsistent with an 
oxidation theory.  It is somewhat arbitrary, however, to assign this 
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sort of relative oxidation parameter to any set of elements; the 
uncertainties in the shock process and thermodynamic data should 
prevent the use of any definitive statements concerning which ele- 
ment will oxidize first.  Temperatures produced during the shock 
event are not known; certainly the melting points of the alloys are 
reached if melted spherules are produced. But if some of the mate- 
45 69 
rial is vaporized, as is thought by some investigators,  '  tempera- 
tures may exceed 3000 C.  No thermodynamic data exists for oxidation 
reactions at those temperatures. 
Composition of Experimental Spherules 
In this study, the first series of shock runs were done using 
"the synthetic meteoritic alloy (SMA) as the case material.  The oxy- 
gen pressure was the same for these shots as the Gibbons experiments 
-6 (10  torr). No fractionation of iron and nickel occurred, so pre- 
sumably iron did not oxidize. As mentioned previously, the results 
of Gibbons, et al. indicated that Ni and Fe behaved differently in 
two different shots. When Bamle bronzite was used as a target the 
Ni/Fe ratio decreases slightly,and when synthetic diopside was used, 
the ratio increased by the same amount.  The Ni/Fe ratios for this 
study are given in Figure 61; the results for all 5 shots are very 
similar, and were drawn on the same plot.  The increase in the Ni/Fe 
ratio is only .001 from an original ratio of .076 in the unshocked 
alloy. Very few of the ratios for the spherules fall outside the 
range for the unshocked alloy. 
The lack of fractionation for Co and P is indicated by their 
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histograms (Figs. 58-59).  As mentioned previously, the contents of 
these elements in the shocked spherules closely resemble their 
contents in the unshocked alloy. 
The similarity between elemental components in shocked and un- 
shocked metals indicates that the shock event is not responsible 
for fractionation.  This has already been implicitly assumed by 
investigators studying the formation of metal spherules.  However, 
the apparent lack of oxidation or fractionation of any major elements 
more closely approximates the processes which would occur on the 
moon, at least in terms of meteoritic components.  The low oxygen 
pressure obtainable in these experiments is at least sufficient to 
repress oxidation which is apparently the cause of fractionation 
found in terrestrial impact spheroids.  It is not sufficient to 
prevent the oxidation of Cr, as Gibbons, et al. found, but for the 
study of pseudo-meteorites (particularly iron meteorites), Cr is not 
very important. 
The absence of sulfur in most shocked spherules is probably a 
reflection of the formation of sulfide inclusions in the unshocked 
SMA. Almost all of the sulfur was tied up in sulfides; very few of 
the point analyses taken on the alloy registered the presence of 
sulfur.  Phosphide inclusions also formed in the alloy, but up to 
1.0 wt% P remained in metal phase (note Fig. 5.8).  The phase diagrams 
for Fe-P and Fe-S (Figs. 75-76) show that while a small amount of P 
can remain dissolved in Fe, sulfur prefers to form sulfides.  It is 
likely that the small amount of metal represented by the shocked 
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Figure  75.      Iron-Sulfur  phase  diagram. 
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spherules did not include any sulfides to begin with, so that the 
sulfur which was almost non-existent in solution in the unshocked 
metal was also largely absent in the spherules.  No large concentra- 
tion (> 1.0 wt%) of P or S was found in any of these spherules. 
-It was found, then, that the result of using the SMA material 
for the case of these shock experiments was a reasonable approxi- 
mation of meteoritic impact on the lunar surface.  The experiments 
demonstrate that the spherules formed by shock retain their original 
composition with respect to major element distributions.  However, 
it is also of interest to know whether metal already present in the 
lunar soil is affected by the shock event.  The next set of experi- 
ments was designed to try to determine the behavior of lunar metal. 
In the shock samples in which SMA metal was mixed with sili- 
cate, the results indicate that extensive mixing occurs between the 
copper case and metal pieces in the target.  The plot in Figures 62- 
64 reflect the fact that the spherules which were usually chosen for 
- analysis were the ones which appeared to 'contain the most iron. 
Spherules richest in iron could be easily distinguished from high 
copper spherules by color, and since in these experiments the target 
material was of most interest, the iron rich particles were empha- 
sized in the results.  However, it is important to point out that 
all ranges of compositions were found in the shocked samples.  There 
were many spherules which consisted of almost pure Cu, with only a 
trace of Fe.  There were also quite a few with less than 1.0 wt% Cu, 
as Figure 62 indicates. 
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The extensive mixing of Cu case and SMA particles in the 
shocked samples is significant in terms of their relation to lunar 
processes.  If the mixing of meteorites and lunar metal occurs as 
readily on the moon as it does in these shock experiments, then 
compositions of meteoritic metal could be substantially altered by 
.the composition of metal already located in the soil.  A meteorite 
(with a meteoritic Ni/Co ratio) could, theoretically hit a piece of 
high Fe basaltic metal resulting in a spherule with a composition of 
either end member or any composition in between.  This could par- 
tially account for the diversity seen in lunar metal compositions, 
31 particularly in terms of the Ni/Co ratios.   Although phosphorus 
found in lunar metals is thought by some investigators to be at 
least partially due to the reduction of indigenous lunar phosphate 
70 
minerals,  and some lunar iron may have been reduced from iron-bearing 
silicate minerals, Ni and Co are present in lunar crystalline rocks 
in small quantities.  They can be found in either metallic or cryst- 
alline phases.  Regardless of the phase, the Ni/Co ratio will be ap- 
31 proximately the same in all rocks which are similar in type.   The 
mixing of presumed lunar metal (those with typically lunar Ni/Co 
ratios) with meteoritic metal can result in a metal with virtually 
any kind of Ni/Co ratio.  This effect can be seen to some extent in 
Figures 60 and 67.  In Figure 60, the Ni and Co compositions of 
shocked spherules  from SMA cased  shots  fall almost entirely within 
the   limits   of compositions   found  in  the unshocked alloy.     In Figure 
67,   less   than half of  the  spherules  from  the Cu-cased shots  fall  into 
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the original range for the unshocked alloy.  The Cu acts as a dilut- 
ant in these experiments, generally lowering both Ni and Co contents. 
However the mixing of meteoritic metal with an indigenous piece of 
high Fe lunar metal would probably have the same effect. 
There has been some uncertainty concerning the applicability of 
of using Ni and Co contents for assigning a meteoritic origin to 
54 lunar metals. Misra and Taylor  question whether the composition 
of a meteoritic metal will change during melting and annealing. 
When the metal is incorporated into a melt rock, the Ni/Co composi- 
tion probably do change to some extent.  These variations can be 
41 
attributed to a fractional crystallization model.   Much of the 
metal from an impacting meteorite, however, melts and resolidifies 
quickly, preventing any prolonged crystallization sequence.  The set 
of experiments presented here indicate that melting alone will not 
substantially alter the composition of meteoritic metal. Variations 
in the Ni and Co contents would be more satisfactorily explained by 
considering the possibility of mixing various metallic components. 
The metal particles found in the Apollo 16 soils cluster tightly 
64 in the meteoritic Ni/Co range.   The highland landing site for 
Apollo 16 is in an area which has been heavily bombarded by meteor- 
ites, and this is reflected by the composition of the metal.  In 
younger mare regions, where meteoritic contamination is substan- 
tially less, indigenous metal comprises a larger proportion of the 
total metal present.  This results in wide variation in Ni and Co 
composition.  In the highland regions, however, meteoritic contami- 
nation should be a major source of metal.  The fact that a high 
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proportion 'of meteoritic composition metal (defined by Ni and Co) is 
found where it is most likely to be located indicates that there is 
validity in using Ni and Co to define meteoritic origin. 
Microstrueture of Experimental Spherules 
The microstructures of some of the particles, as well as their 
•compositions, indicate that some melting has occurred.  The same is 
true of the powdered silicate target material.  The silicate parti- 
cles melt first around the grain boundaries, forming a continuous, 
intergranular glass bond.  The glassy area is vesiculated (note Figs. 
22 and 24) and contains all the metal particles produced by the 
impact.  The region cooled quickly enough to prevent devitrification. 
The crystalline grains around which the glass has flowed in shots 
716, 718, 721, 723 did not melt except at their boundaries. Although 
the edges of many of the grains are rounded, they also exhibit de- 
formation structures, which obviously would not remain if the grain 
had melted.  Cleavage fractures are apparent in some grains, while 
others show a fine, irregular fracture pattern. 
The glassy grains are quite clear with respect to the deforma- 
tion structures seen in the crystalline samples.  It is difficult to 
determine whether or not these grains have undergone complete melt- 
ing, but it seem unlikely; even though the boundary between the grain 
intergranular shock melted glass is not as sharp as in the crystal- 
line samples (compare Figs. 17 and 24), it is clearly defined by the 
vesiculation and metal particles.  At the sudden, high pressures 
experienced by the glass, it might be expected that the glass would 
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behave more as a rigid crystalline material than a viscous one. 
However, th_e high temperatures accompanying the shock may have allow- 
ed the glass to retain more of its viscous nature, so that is expe- 
rienced some flow rather than fracture. 
The metals also exhibit obvious signs of melting.  The Cu con- 
tamination in many spherules is a good indication that melting has 
occurred.  Shocked spherules in the shots done with SMA cases and 
no added metal almost always have either a dendritic or cellular 
structure on etching.  They are well rounded, and often contain 
round, silicate inclusions (note Fig. 39).  Since the source of this 
metal can only be the case material, it is not surprising that all 
of the spherules present in the silicate have been melted from it. 
In the Cu-cased shock samples, not all of the added metal, 
either SMA or Fe-Ni sulfides, have melted. A comparison of shocked 
particles in shot 721 (Fig. 49), and a piece of ground-up, unshocked 
sulfide (Fig. 52), illustrated the fact that the dendrite sizes are 
very similar.  Cu is not totally absent from these particles, but is 
present in quantities of 0.1 wt% or less.  In Figure 48, the differ- 
ence between the upper and lower part of the metal is distinct.  In 
the upper portion, dendrites show evidence of flowing, and very small 
areas of segregation indicate that this has probably melted.  The 
lower region has a dendrite segregation similar in size to the un- 
shocked alloy, so that it is possible that this region has not 
melted.   In Cu-case shots containing SMA particles, the appear- 
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ance of some of the particles indicates severe deformation (Fig. 53) 
which would be incongruent with a melting mechanism.  In this parti- 
cle, the lines of deformation are the remains of the dendrites from 
the unshocked alloy, indicating that when melting of the metal does 
occur, some of the original structure can be retained.  The particle 
in Figure 54 is apparently a polycrystalline array of a  and a„ show- 
ing a variety of grain sizes.  This type of structure is usually 
caused by heating the grain into the y range (>765 C) and then 
rapidly cooling to produce a? •  Smaller grains around the edge are 
due to more rapid cooling than the interior experienced. Melting in 
the Cu-cased sample is indicated in the same ways as in the SMA cased 
samples; very rounded particles, closely spaced dendritic microstruc- 
tures and silicate inclusions (Figs. 50,51,55). 
Microstruetures in the SMA cased shock spherules were dendritic 
or cellular in the largest spherules (Figs. 38-39).  The smaller 
spherules had a variety of microstructures which included dendrites, 
cells, a needle-like structure, or no structure at all. A few also 
exhibited globular phase separation.  The dendrite secondary arm 
spacings in the smaller spherules (10-20 ^m) are about half the size 
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of spacing in the large spherules.  Flemings, et al.  and Katamis 
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and Flemings,  used Fe-Ni alloys to determine the cooling rates by 
measuring dendrite secondary arm spacing and cell sizes.  The spacing 
in the large spherules is approximately 1 ^m, which from Flemings' 
observations, gives a cooling rate of 10 -10 °C/sec.  The decrease 
in size of spacing by one half in the smaller spherules gives a 
cooling rate which is an order of magnitude faster.  The 
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bulk compositions of the small and large spherules did not show any 
consistent variations so that the differences in microstructure are 
due primarily'to differences in cooling rate.  The spherules with no 
visible microstructure have probably solidified too quickly to allow 
elements to segregate. 
Particles with a globular sulfide or phosphide may have cooled 
slowly enough to allow the S or P to separate out of the metal phase. 
However, since this type of particle was very rare, it is more likely 
that they represent the melting of areas of the case alloy which 
happened to contain a sulfide or phosphide inclusion before it 
melted.  The melted metal and inclusion liquids probably remained 
separated during the short period of time it took for the particle 
to solidify. 
Microstructures of spherules in the Cu-cased shock samples which 
had (FeNi)S alloy added to it have the same types of structure as the 
SMA cased samples, but there are differences.  The dendrites which 
form in the Cu cased sample consist of Fe-Ni, while the interdendrLt- 
ic material is sulfide.  The globular microstructure is very common 
and is made up of three phases:  a Fe-Ni metal phase, a high Sphase, 
and a high Cu phase.  The spherules with no visible microstructure 
are usually the ones with a high Cu content, although some spherules 
which have a composition similar to the metal phase of the unshocked 
alloy, with added Cu, have no microstructure. 
Some cooling rate difference between spherules is again indi- 
cated.  The larger spherules apparently have larger dendrite second- 
ary arm spacing than smaller spherules, but since the largest 
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spherules are less than 40 p.m in diameter, the spacing differences 
are not as easily seen as in the SMA and shocked spherules.  The 
presence of globular microstructures, in which two or three phases 
have almost completely separated might indicate slower cooling, 
but in these samples, the globular particles were invariably small, 
< 15 U/in.  More rapid cooling should be expected in the smallest 
spherules, if the dendrite spacings are any indication of cooling 
rate.  However, it is probably the small size of the globular 
spherules which allows that micros trueture to form; complete separ- 
ation of the immiscible liquids can occur more easily on a very 
small scale. 
The compositions of spherules which had no visible structure 
are generally the ones plotted in Figure 68. However, dendrite 
spacings of .5 \im,  which can be distinguished on the metallograph, 
are not as easily seen on the CRT screen of the electron microprobe. 
Some of the particles with 5-10 wt% S are probably dendritic, but 
with such small spacing that it could not be seen on the CRT. 
Microstructures found in the Cu-cased samples with added SMA 
particles are similar to ones found in spherules formed from the 
added high sulfur alloy, but in different proportions.  Besides the 
apparently unmelted particles, most of the melted particles exhibit 
either a needle-like structure (Fig. 55) or no visible structure on 
etching.  The needle-like structure was also found rarely in Cu-cased 
samples with added (FeNi)S alloy.  It is due to the separation of 
Cu and Fe.  The phase diagram of these two elements (Fig. 77) indi- 
cates that some Cu is dissolvable in \-Fe,  but in spherules with a 
138 
Cu-Fe     Copper-Iron 
Atomic Pe^centoge Copper 
"C 0 20 30 40 50 60 70 80         90 
IbUU 
>trc 
1500 
1538* L 
e-f^ "    1 
OF.) ~// | -8.3 
IJM"    j 
1300 
:«o' 
1200 
!■»:» (r-Fe) 
1100 -9.5 1096* ?
72
"v\ / / i96V v;;r 1 
1 
10845—M 
1000 1            1 1 '(Cu)-i- 
900 J 1 v» :              1 la-Ft) .    651" I      -99 \ 
-KM 
800 
700 
/ 
/ 
1 ,.,.!,,.. Cu«il   TlK»f Baiu*f -^ 1       ■ 1 
Fe   10   20  30  40  50  60  70  80  90  Cu 
acren E. Johnson Weight Percentage Copper 
Figure  77.     Copper-Iron  phase  diagra m. 
139 
larger amount of Cu, segregation begins to occur (Fig. 56).  The 
segregation is on too small a scale to determine the composition of 
the two areas, so that an equilibration temperature is impossible to 
determine.  Structureless metal seemed to have either high Cu con- 
centrations, or had compositions similar to the unshocked SMA.  Al- 
though the high Cu spherules ranged in size up to approximately 30p,m, 
the structure-free, low Cu spherules were very small (< 10 ^m).  As 
with spherules in the other samples, it seems likely that these have 
been too rapidly cooled to allow separation. 
In general, then, it was found that the cooling rate varied 
locally within each shock sample.  It may be partially due to the 
generation of different pressures, and therefore, temperatures within 
the shock sample.  Temperatures are highest at the individual sili- 
cate and metal grain boundaries where the pressure is highest.  Of 
the SMA and high sulfide alloy particles added to Cu-cased shots, 
many did not melt.  However, particles which did melt resulted in 
microstructures commonly found in lunar metals;  The study by Blau 
and Goldstein indicates that the majority of lunar metal spherules 
consist of globular metal areas, indicative of cooling in a silicate 
matrix.  In the experiments used in this study, the troilite-contain- 
ing metal was the only material which could have formed a globular 
structure on cooling, and it often did so.  Blau and Goldstein attrib- 
uted a dendritic structure to radiation cooling of molten metal as it 
was ejected from a projectile impact site, which obviously could not 
have occurred in this case; the metal was injected directly into 
silicate material in these experiments.  However, the cooling rate in 
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this case is dependent on the temperatures attained during the shock 
event and there is no way to compare temperatures attained during a 
lunar impact with those generated experimentally.  The extreme scar- 
city of lunar metal particles containing meteoritic microstructures 
suggests that lunar impacts melt or vaporize much of the metal in- 
volved in the impact, both target and projectile. 
Lunar Particle 60095 
The study of a lunar glass containing metal particles provided 
an opportunity to compare results obtained from experimentally pro- 
duced spherules with actual lunar spherules.  The most obvious 
compositional difference is in the Ni content of the metallic phase. 
Most of the metal is V> containing very high Ni compositions, al- 
though some a  compositions are also indicated.  The sulfide phase 
is compositionally similar in both types of spherules. Microstruc- 
turally, it is difficult to compare the lunar spherules with the 
experimentally produced metal-sulfide spherules.  The Cu case used 
for the shock experiments often had an effect on the micros trueture. 
In experimental metal spherules where the Cu content was low, the 
microstructure could be dendritic or globular (Figs. 50-51).  These 
are not totally dissimilar from the lunar microstructures (Figs. 58- 
59); the difference is primarily the scale of the microstructure. 
In the experimental metal spherules, the separation of the phases is 
generally on a much smaller scale than in the lunar metal spherules. 
All evidence points to a slower cooling rate for 60095 than for 
the shock samples.  Some of the indications are the devitrification 
of glass in 60095, the large-scale microstructure in lunar metals, 
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and the fact that the sulfide phase in the lunar metal approached 
stoichiometric troilite.  In the experimental spherules, the sulfide 
phase rarely approached 35 wt% S. Whether this was due to incomplete 
separation, or complete separation on a very small scale, is rela- 
tively unimportant; in either case, the cooling rate would have to 
have been more rapid than in the lunar glass. 
The composition of the spherules point to a meteoritic origin; 
the large proportion of high Ni analyses is an indication that the 
spherules are meteoritic.  Indigenous lunar metal and metal reduced 
from FeO should contain low Ni.  The particles which have low enough 
Ni to plot on the Ni-Co diagrams in Figures 60 and 6 7 all fall in 
the meteoritic category.  It is a strong possibility that the mete- 
orite which produced the glass is present as the metallic spherules 
in the glass.  There is no compositional indication that on the 
micron level, any metal other than meteoritic metal is present. 
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CONCLUSIONS 
1) Melted metallic spherules produced by shock in a reduced 
atmosphere have the same composition as the unmelted material 
from which they came.  Fractionation of elements did not occur 
+2     o in the melted spherules, and reduction of Fe  to Fe  on the 
micron level did not occur. 
2) When metal particles are added to the powdered silicate 
target material, extensive mixing occurs between the case 
metal and the added target metal.  This implies that similar 
mixing can occur on the lunar surface with an impacting 
meteorite and metal already present on the lunar surface. 
3) Silicate melt did not interact with metallic melt. 
4) Microstruetures of melted spherules do not give an indication 
of the structure of the unshocked metal.  However, estimates 
of cooling rates can be obtained from certain microstructures, 
specifically dendritic or cellular structures. 
5) The metal spherules associated with lunar glass 60095 are 
probably meteoritic; the glass and spherules cooled more 
slowly than the experimental shock samples. 
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POST SCRIPT 
" Our moon, obviously, has surrendered none of its soft 
charm to technology. The pitter-patter of little spaceboots 
has in no way diminished its mystery. 
In fact, the explorations of the Apollo mechanics re- 
vealed almost nothing of any real importance that was not al- 
ready intimated in the Luna card of the tarot deck. 
Almost nothing. There was one interesting discovery. 
Some of the rocks on the moon transmit waves of energy. At 
first it was feared that they might be radioactive. Instru- 
ments quickly proved that the emissions were clean, but NASA 
was still puzzled about the source and character of the vi- 
brations. Rock samples were brought back to Earth by astro- 
nauts for extensive laboratory testing. 
As the precise electromagnetic properties of the moon 
rocks continued to baffle investigators, one scientist decided 
just for drill to convert the waves into sound.  It's a simple 
process. 
When the moon vibrations were channeled into an ampli- 
fier, the noises that pulsed out of the speaker sounded ex- 
actly like "cheese, cheese, cheese." 
Tom Robbins 
from Even Cowgirls Get The Blues 
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